The obtained results are important for understanding the thermal magnon spectrum in ferromagnetic films and development of the low-power spin-wave devices.
Recently, synthetic multiferroic heterostructures, materials with simultaneous magnetic and ferroelectric ordering, have attracted significant interest owing to a possibility of engineering their electric and magnetic properties by varying the thickness ratios of the constituent materials [1] [2] [3] [4] [5] .
Similar to single-phase multiferroics 6, 7 , synthetic multiferroics exhibit strong electro-magnetic coupling. For example, up to 150 degree easy axis rotation was observed in CoPd/PZT structures 3 . It has been demonstrated experimentally that the frequency of the microwave planar resonator, consisting of yttrium iron garnet (YIG) and ferroelectric barium strontium titanate (BST) thin films, can be tuned both electrically and magnetically 8 . Recent reports have also shown the spinwave frequency modulation in a permalloy film by introducing strain in gadolinium molybdate 9 and PMN-PT 10 substrates via applications of DC voltage. Spin-wave excitation and detection by synthetic multiferroics comprised of PMN-PT/Ni/Py has also been demonstrated 2 . In many of the studied multiferroic heterostructures, a thin layer of magnetostrictive material e.g. nickel is deposited on a piezoelectric material, which makes it possible to control the thermal and coherent magnons via the stress-mediated coupling, induced by application of an electric field to the substrate 11 . For this reason, the interaction of the piezoelectric substrate with the thin ferromagnetic layer and their magneto-elastic coupling are of utmost importance.
While magnon spectrum of a large, i.e. bulk, magnetically ordered medium depends only on its material parameters and an applied magnetic field, it can be strongly modified in magnetic thin films by the boundary conditions at the interface of the film with a substrate [12] [13] [14] . The properties of thermal and coherently excited magnons, i.e. spin waves, in ferro , ferri , and antiferro magnetic films and multilayer structures have been described in numerous reports [15] [16] [17] [18] [19] [20] [21] [22] [23] . Brillouin-Mandelstam spectroscopy (BMS) has been recognized as an important tool for investigation of spin-wave excitations in magnetic micro-and nano-structures 24 . This technique offers unique advantages over the all-electrical approaches, i.e. inductive voltage measurements 25, 26 , by allowing the detection of extremely weak signals, including those from thermal magnons 18 . In this regard, there is a growing demand for BMS utilization in the study and development of magnonic spintronic devices [27] [28] [29] [30] . Similar to thermal phonons, the incoherent thermal magnons are always present in magnetic materials. The latter affects the magnetization stability of the magnetic materials and structures 31 . The thermal magnons determine the equilibrium magnetization and affect thermodynamic characteristics of materials 32 . In addition, thermal magnons contribute to relaxation of the coherent magnons 33 . The perpendicular standing spin waves (PSSW) are of special interest since they also strongly influence the performance of magnonic devices 34 . These types of waves have been studied in micrometer and nanometer thick iron, nickel, and cobalt films on glass or silicon substrates 16, 18, 35 . In this work, we use micro-BMS The cross-section of a test structure used in this study is shown in Figure 1 We used -BMS to monitor thermal magnons in a backscattering configuration. The light source was a single frequency solid-state diode laser operating at = 532 nm . The laser light was focused normal to the sample by using a 100× objective lens with a large numerical aperture. The laser spot size with diameter of ~1-2 μm was located at the center of the sample in order to avoid any edge effects. In addition, the average laser power at the sample's surface was kept less than 2 mW during the experiment in order to avoid overheating the Ni film. The scattered light was collected with the same lens for 15 minutes and directed to the high resolution six-pass (3+3)
tandem Fabry-Perot interferometer (JRS Instruments). The incident light was linearly p-polarized.
Since in the ferromagnetic materials, spin waves rotate the polarization of the incident photons by 90 degrees 10 a polarizer in the scattered light path has been used to allow for transmission of only the s-polarized light into the interferometer. Details of our BMS experimental setup and measurement procedures have been reported elsewhere in the context of different material systems 37, 38 . In the present study, the bias magnetic field 0 was applied in-plane with the Ni film surface and perpendicular to the light scattering plane. Taking into account a relatively small penetration length of light in metals, which is much smaller than the wavelength of the excitation laser light (~12 nm at = 532 nm for Ni 39 ) , and the uncertainty principle, the conservation of the normal component of the -vector of light was not satisfied in the considered scattering processes. The latter means that thermal magnons with different frequencies and wave vectors can participate in the scattering processes and contribute to the accumulated BMS spectra 18, 40 . More detailed explanation is provided below. in the BMS spectrum. Based on this, we assign the observed peaks in Figure 3 as the first (n=1) and second (n=2) PSSW modes. Similar thermal magnon peaks were observed previously in 60 nm thick Py film deposited on glass substrate 44 . Below we provide additional arguments supporting our peak assignment.
In order to further elucidate the nature of the observed peaks, we carried out a number of BMS measurements at different bias magnetic field 0 . In Figure 4 , we present a summary of the sequential BMS measurements, showing the position of the peaks as a function of the external magnetic field 0 changing from 100 Oe to 960 Oe. The data reveal almost synchronous shift to higher frequencies for both modes. The frequency difference between the two distinctive peaks is ~3.4 GHz at 300 Oe and ~3.2 GHz at 900 Oe. In order to explain the observed phenomena, we start with the general dispersion relation for spin waves as described in Ref. 
